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Abstract Near-infrared (NIR) hyperspectral imaging was
used to study three strains of each of three Fusarium spp.
(Fusarium subglutinans, Fusarium proliferatum and Fusa-
rium verticillioides) inoculated on potato dextrose agar in
Petri dishes after either 72 or 96 h of incubation. Multivar-
iate image analysis was used for cleaning the images and for
making principal component analysis (PCA) score plots and
score images and local partial least squares discriminant
analysis (PLS-DA) models. The score images, including
all strains, showed how different the strains were from each
other. Using classification gradients, it was possible to show
the change in mycelium growth over time. Loading line
plots for principal component (PC) 1 and PC2 explained
variation between the different Fusarium spp. as scattering
and chemical differences (protein production), respectively.
PLS-DA prediction results (including only the most impor-
tant strain of each species) showed that it was possible to
discriminate between species with F. verticillioides the least
correctly predicted (between 16 and 47 % pixels correctly
predicted). For F. subglutinans, 78–100 % pixels were cor-
rectly predicted depending on the training and test sets used.
Similarly, the percentage correctly predicted values of F.
proliferatum were 60–80 %. Visualisation of the mycelium
radial growth in the PCA score images was made possible
due to the use of NIR hyperspectral imaging. This is not
possible with bulk spectroscopy in the visible or NIR
regions.
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Introduction
Fungi are ubiquitous in nature and grow on most substrates
under optimal conditions [1]. They are common in tropical
and temperate regions and are also found in desert, alpine
and arctic areas where harsh climatic conditions prevail.
Fusarium spp. are mostly regarded as soil-borne fungi
where they are abundant and associated with plants as either
parasites or saprophytes [1, 2].
Mycotoxin production by Fusarium spp. is of primary
concern to the food industry. They are known to produce
fumonisins, trichothecenes and zearalenones, as well as
other minor mycotoxins. Of these, the fumonisins are of
particular importance and concern. These toxins are natural
contaminants of cereal grains worldwide and are mostly
found in maize and products derived from maize. Fumoni-
sins have cancer-promoting activity [3]. Furthermore, Fusa-
rium verticillioides strain MRC 0826, isolated from mouldy
maize, was shown to cause ELEM in horses, porcine pul-
monary edema syndrome in pigs and liver cancer in rats
[3–7].
The taxonomy of Fusarium spp. has always been a
disputable issue [1, 8] and is known as a genus in which it
is difficult to distinguish species [9]. The taxonomy has
been inundated by varying species concepts, with as few
as 9 or well over 1,000 species being recognised [8].
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Because of its abundance and the inordinate economic im-
portance of the members of this genus, it is essential to be
able to easily and accurately identify the various species.
Conventional identification methods at species level in-
volve plating out on appropriate media, description of colo-
nies (texture, colour and pigment) and microscopic
description of conidiogenous cells and conidia [10]. Because
variation of important characteristics such as pigmentation
and growth rate is often seen within a given species, only
well-trainedmycologists are able to perform the identification.
Other more complex techniques involve molecular techniques
such as polymerase chain reaction assays [11, 12], DNA
sequencing [10, 13] and mass spectrometry [14, 15]. These
techniques are time-consuming, as well as expensive, require
specialised technicians, specialised instrumentation and te-
dious sample preparation. Rapid techniques are thus re-
quired for identification and differentiation of fungal
species.
Near-infrared (NIR) hyperspectral imaging is an imaging
technique in which spectral and spatial information are
combined to obtain NIR hyperspectral images [16–19].
NIR hyperspectral images are three-dimensional arrays of
the form, X (m×n×λ), where m and n are the spatial axes
information and the λ axis represents the spectral informa-
tion. The three-dimensional structure of the hypercube
requires reorganisation to a two-dimensional matrix to adapt
the image for further pre-treatments.
Statistical treatments such as principal component analy-
sis (PCA), an unsupervised classification or dimensionality
reduction technique [20], can be applied to the data. It
reduces the data to a much smaller number of principal
components (PCs) and can be used as an exploratory tech-
nique. PC score images and score plots are used interactive-
ly to investigate sample images for special features or
irregularities in samples. If anomalies are observed during
interpretation of cleaned images (irrelevant pixels have been
removed), they will most likely be due to relevant variation
between samples which could be either chemical or physi-
cal. This observed variation can be explained by studying
the accompanying PC loading line plots.
Partial least squares (PLS) regression is a powerful re-
gression technique that uses the latent variable approach to
find the fundamental relations between two matrices (X and
Y) [21–23]. PLS uses the y-data structure to decompose X
so that the outcome constitutes an optimal regression vector.
Partial least squares discriminant analysis (PLS-DA) oper-
ates similarly; however, instead of measured y-data, dummy
variables are used which are indicators of groups [24]. This
allows for prediction of group membership and thus classi-
fication of pixels.
Recently, NIR hyperspectral imaging has been used more
frequently in food applications with particular reference to
food safety aspects such as detection of fungi on maize
kernels [25, 26], early detection of fungal infection on
maize [27], detection of chicken heart disease [28], the
detection of faecal matter and ingesta on chicken carcasses
[29–31], the detection of faecal contamination on apples
[32–34] and for the detection of foreign objects in semolina
[35] and chicken fillets [36]. Thus far, not much work has
been done applying NIR hyperspectral imaging in microbio-
logical studies.
An earlier study investigated NIR hyperspectral imaging
as a tool for high-throughput analysis of self-contained
microbial identification of test cards for microorganisms of
concern in food [37]. In this preliminary work, a NIR
chemical imaging system operating in the spectral range
1,000–2,350 nm was used to acquire NIR chemical images
of bacterial cells deposited on a ‘card’, containing both the
calibration and test samples. Results showed that some
bacteria could be identified from differences observed at
unique wavelengths and that a standard operating procedure
could be developed for a particular ‘card’ to differentiate
and hence identify the various organisms it contains using
discrete wavelengths. In another study, the detection of
Campylobacter was investigated with detection accuracies
between 97 and 99 % [38]. In this study, an instrument
operating in the 400–900-nm wavelength range was used,
employing the visible and NIR regions. The disadvantage of
this range is that it includes the visible wavelength region,
and these models rely on colour as a discriminating tool. A
study on the differentiation of toxigenic fungi used a similar
wavelength range of 400–1,000 nm and achieved classifi-
cation accuracy of 97.7 % [39]. Five fungal species were
selected, i.e. Penicillium chrysogenum, F. verticillioides,
Aspergillus parasiticus, Trichoderma viride and Aspergillus
flavus, and all could be classified using three narrow bands
(bandwidth02.43 nm) centred at 743, 458 and 541 nm. The
last two wavelengths are associated with blue and green,
respectively, and resulted in the high accuracy of the classi-
fication since four of the five organisms appeared blue/green
when cultured on the appropriate medium.
The purpose of the current study was to investigate the
use of NIR hyperspectral imaging and multivariate image
analysis techniques to differentiate between species and
strains of the genus Fusarium associated with maize.
Experimental
Sample preparation
Three strains of each of three Fusarium spp. as shown in
Table 1 were kindly supplied by the Department of Plant
Pathology, Stellenbosch University, South Africa. The
strains were streaked out from a frozen stock solution onto
potato dextrose agar (PDA; Merck (Pty) Ltd, Cape Town,
1760 P.J. Williams et al.
South Africa) and incubated at 28 °C in Petri dishes for a
total of 96 h.
NIR hyperspectral imaging system and image collection
Hyperspectral images were acquired with the SisuCHEMA
short wave infrared camera (Specim, Spectral Imaging Ltd,
Oulu, Finland). The camera comprised an imaging spectro-
graph coupled to a 2-D array mercury–cadmium–telluride
detector. Individual images were acquired within a spectral
range of 1,000–2,498 nm at 10 nm resolution, 6.3 nm wave-
length intervals and a field-of-view of 100×100 mm.
Images of the entire Petri dish, without removing the lid,
were collected at 3 and 5 days after inoculation. In a few
cases where isolates were streaked out in polystyrene Petri
dishes, the lid was removed before image collection. Inter-
nal dark and white reference standards were imaged prior to
each sample.
Hyperspectral image analysis
Images were analysed using the Evince v.2.5.5 hyperspec-
tral image analysis software package (UmBio AB, Umeå,
Sweden) and MATLAB v 7.10 (The MathWorks, MA,
USA). The image calibration and correction to absorbance
was done automatically in the Evince software package as
described in Williams et al. [26].
Construction of mosaics and image cleaning
Selected individual images within the wavelength range
1,103–2,483 nm were merged to form mosaics. The first
mosaic comprised three strains of each of the Fusarium spp.
The second mosaic contained only the most important
strains (MRC 0115, MRC 2301 and MRC 0826) of each
species imaged. This included colonies of the same strains
in the same Petri dishes, but imaged after 72 and 96 h of
incubation, respectively. These strains were selected based
on frequency of isolation from contaminated maize [40].
The third mosaic comprised of images of the same strains
cultured. The training set was cultured and imaged
18 months prior to the test set. The test set was the same
image used as training set in the second mosaic. The fourth
mosaic comprised the same training set as the third mosaic
(three main strains inoculated on three separate Petri dishes)
and the same three strains inoculated in a single Petri dish as
the test set.
A PCA model with six components was calculated, on
mean centred data, for each of the mosaics (1–4). Using the
brushing technique [41, 42], all irrelevant pixels (back-
ground, agar, reflection from Petri dish and bad pixels) were
removed using score plots and score images of all six
principal components (PCs). To ensure efficient cleaning
of the images, this cleaning process was repeated five to
ten times, and PCAwas recalculated after each repetition on
the cleaned images.
Multivariate image analysis
PCA and PLS-DA with species as dummy variables were
used as provided in the Evince v.2.5.5 software package. To
enable PLS-DA classification with three classes, the
Table 1 Details on the Fusarium spp. and respective strains
investigated
Species and strains Isolation locality Reference
Fusarium subglutinans
MRC 0115 Transkei, Zazulwana,
Butterworth
[59]
MRC 2293 USA [59]
MRC 6194 (KSU E-00990;
ATCC 201270;
FRC M-3696)
St. Elmo, IL, USA [60]
Fusarium proliferatum
MRC 2301 California, USA [59]
MRC 6908 Ghana na
MRC 7140 Pietermaritzburg, RSA na
Fusarium verticillioides
MRC 0826 Transkei [59]
MRC 8267 North Benin na
MRC 8559 (KSU A-00149;
FRC M-3125)
California, USA [60]
MRC Medical Research Council, Tygerberg, South Africa; ATCC
American Type Culture Collection; KSU Kansas State University culture
collection, Department of Plant Pathology, Kansas State University,
Manhattan, KS, USA; FRC Fusarium Research Center, Pennsylvania
State University, USA
Fig. 1 Digital images of
mycelium colonies of F.
subglutinans, F. proliferatum
and F. verticillioides after
72 h incubation at 28 °C
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samples (pixels) for class one were represented by the row
vector (1, 0, 0). Similarly, the samples of class two were
represented by (0, 1, 0) and those of class three by (0, 0, 1).
The PLS-DA model would thus result in three separate
regression coefficients, one for each class for all pixels.
These were then used to predict a new set of data which
were refolded to form the prediction image, showing the
location of the classes.
Different preprocessing methods, i.e. standard normal
variate (SNV), multiplicative scatter correction (MSC) and
Savitzky–Golay derivatives, were tested to improve models,
and the number of components to be used was determined
using test sets. Confusion matrices constructed from the test
set prediction results were used to evaluate the respective
models in terms of percentage pixels not classified, percentage
pixels correctly classified and percentage false negatives. The
percentage pixels correctly classified were calculated based on
total number of pixels in the test set as well as with number of
pixels not classified in the test set removed. For the PLS-DA
models, prediction images are shown for the training set to
illustrate how well the respective models performed.
Fig. 2 Principal component 1 score image of Mosaic 1 illustrating
differences between and within the colonies. Similarities between some
of the colonies are also noticeable. Species are shown in rows and
strains of the same species within each row. The left column comprises
the most important strain within each species. F. subglutinans (MRC
0115) are top left followed by F. proliferatum (MRC 2301) and F.
verticillioides (MRC 0826)
Fig. 3 a PC1 vs. PC2 scatter plot for Mosaic 1 showing a number of
clusters in the PC1 direction, b six selected classification gradients in
the PC1 direction based on observed clusters and c the classification
gradients projected onto the score image. Some colonies have a num-
ber of clear mycelium growth rings shown as gradient classes (colonies
1, 5, 6 and 7), while others belong mainly to a single gradient class
(colony 2) with no apparent difference in mycelium growth over time

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Prediction images for the test sets show the accuracy of the
PLS-DA models. PLS-DA models use R2 and root mean
square error of prediction (RMSEP) per response variable as
diagnostics. The optimum number of PLS-DA components
was selected based on the number of components that resulted
in the highest R2, lowest RMSEP and prediction image with
best classification of the samples (highest percentage correctly
classified pixels).
Results and discussion
Hyperspectral image analysis
Typical mycelia growth on PDA of Fusarium subglutinans
(MRC 0115), Fusarium proliferatum (MRC 2301) and
F. verticillioides (MRC 0826) after incubation for 72 h at
28 °C is shown in Fig. 1. A first observation is that the growth
is not homogeneous. There is a visible difference between the
centre and edges of each colony, but the colonies could
otherwise not be visually distinguished based on shape and
colour. Visible distinction, between F. subglutinans and F.
proliferatum, is not clear. The non-homogeneous nature of
the colonies makes studying the distinction between Fusarium
spp. an ideal application for NIR hyperspectral imaging and
multivariate image analysis.
Mosaic 1
By doing a PCA, on mean-centred data, most information
on differences between the colonies was found in PC1
[98.7 % sum of squares (SS)] and partly in PC2 (0.79 %
SS). PC3 and lower variance PCs showed no relevant infor-
mation. Figure 2 shows the PC1 score image of Mosaic 1.
The mosaic was set up as a nested analysis of variance with
the species in rows and the three strains of the same species
within each row. The left column comprises the most im-
portant strain within each species (most often observed in
maize), while the other columns are made up of the more
rare strains. Inclusion of the strains less “commonly" asso-
ciated with maize environments in the mosaic makes dis-
tinction between the different species impossible.
Preprocessing of the data did not improve these results.
Distinction between the three species for the more "com-
mon" strains was already clear in the PC1 score image (left
column in Fig. 2). Mycelium growth of colonies starts in the
centre of the colony with youngest growth toward the edges
of the colonies. This phenomenon, referred to as radial
growth [43], could clearly be seen within the images of
the respective colonies (Fig. 2). This is clearer for some
colonies and less clear for others. Temperature plays an
important role in the growth, growth rate and the ability of
these fungal species to produce mycotoxins [44]. For that
Fig. 4 a Principal component analysis score plot (PC1 vs. PC2), b
PC1 score image, c PC2 score image and d loading line plots of PC1
and PC2 for the most important strain of each of the three Fusarium
species. Left to right: F. subglutanins, F. proliferatum and F.
verticillioides
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reason, all plates were incubated at the same temperature to
minimise the variation. In spite of this precaution, it was
observed in the score image that all colonies differed mark-
edly. The temperature in this study, i.e. 28 °C, was chosen
based on the optimal growth rate for the species involved,
reported to be in the range 25–30 °C [44–49]. Selecting an
optimum temperature is important when fungi are cultured
for a specific purpose such as maximal mycotoxin produc-
tion. The present study did not have such a purpose, and
28 °C was selected as similar, controlled growth rates were
observed at this temperature for all three species. Figure 3a
shows obvious density clusters in the score plot, direction of
PC1. In the direction of PC2 less clear clustering is seen.
Classification gradients [50, 51] were constructed to visual-
ise and understand the meaning and relevance of these
clusters (Fig. 3b). Classification gradients were defined in
the direction of PC1 by dividing the score value range into
six successive groups based on the observed clusters. For
interpretation of the groups, the classification plot (Fig 3b),
obtained after the groups were selected in the score plot,
were projected onto the score image to produce a classifi-
cation image (Fig. 3c). Figure 3c clearly shows the myceli-
um radial growth with the older growth of the colonies at the
centre of the colony, where the original inoculation was
done, and the newer growth toward the edge of the colony
showing latest growth after 72 h. These clear differences
between the mycelium growth rings further complicated the
data classification between species with all the strains in-
cluded. Because of the different results for the species/strain
combinations, growth rings should be studied in more detail
by doing a PCA for each colony separately.
PCA analysis of Fusarium spp.
PCA calculated for the most important strain of each of the
three Fusarium spp., imaged 18 months prior, is shown in
the PC1 (98.7 %SS) vs. PC2 (0.846 %SS) score plot
(Fig. 4a) and two score images for PC1 (Fig. 4b) and PC2
(Fig 4c), respectively. The score plot showed two clusters in
the direction of PC2, and the corresponding score image
showed that this was a contrast between F. subglutinans and
the combination of F. proliferatum and F. verticillioides. The
loading line plot of PC2 explained this contrast due to
variation in the N–H stretch first overtone (1,430 nm) and
the CONH stretch second overtone (1,918 nm) [52]. These
peaks were both positively loaded corresponding with F.
proliferatum and F. verticillioides, both having positive
scores in the score plot (Fig. 4d). This means that both these
latter species produced more protein during mycelium
growth which allowed differentiation from F. subglutinans.
The PC1 direction explained the difference between older
and newer mycelium growth as can also be seen in the PC1
score image. This was confirmed by means of the loading
line plot of PC1, showing a typical shape similar to a mean
spectrum which indicated a difference in scattering properties
between the different growth stages (Fig. 4d). This difference
in scattering properties could also have been caused by the
difference in height of the mycelium growth from the centre to
the edges of the colonies or due to the presence of spores in the
older growth (centre). With NIR hyperspectral imaging, the
shape, height and curvature of the sample play an important
role. It has been shown that the topography of the sample is
explained by the higher variance PCs which accounted for
Fig. 4 (continued)
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most of the variation in the data [51, 53]. The PC that captured
the variation due to chemical differences contributed a low
%SS, but still contributed to effective classification. In the
present study, the required information to discriminate be-
tween the fungal species was explained in PC2 in spite of
the low %SS (0.846 %). It is frequently seen in imaging
applications that the most relevant PC or PCs are those with
a low %SS [54–57]
Mosaic 2
To test the effect of growth period of mycelium colonies on
PLS-DA classification, Mosaic 2 was made of images of the
three Fusarium spp. (MRC 0115, MRC 2301 and MRC
0826) scanned at two different times. The training images
were collected 72 h after inoculation, while the test set
images were collected from the same colonies 96 h after
inoculation. The PLS-DA model was calculated with four
components on raw, mean-centred data. Dummy (0/1) var-
iables were used as reference data to classify class member-
ship. Preprocessing by SNV, MSC or by Savitzky–Golay
derivatives showed no improvement in prediction.
The R2 of 0.48 for the model for the training data was due
to it not being able to clearly distinguish between F. verti-
cillioides and F. subglutinans as can be seen in Fig. 5. For
the same reason, the RMSEP in Table 2 is only acceptable
for F. proliferatum. The prediction images for F. subglu-
tinans (green) and F. proliferatum (blue) showed a reasonable
number of correctly predicted pixels for both the training and
test sets (Fig. 5). For F. verticillioides (yellow), the training
image showed misclassification, while the test image showed
a large number of pixels not classified (red). Most of the
incorrectly predicted pixels in the F. proliferatum image were
in the centre of the colony, where older mycelium growth was
found. F. verticillioides showed a number of pixels as not
classified (red) with only a few correct predictions. The reason
for this high number of not classified pixels could be due to
the radial growth that showed marked clustering inside the
colony (Figs. 1 and 2c).
From the Evince confusion matrix for the test set, it was
calculated that for F. subglutinans 99.9 % of the pixels were
correctly classified with 0.1 % pixels not classified. For F.
proliferatum, 86.7 % of the pixels were correctly classified,
not taking the non-classified pixels (7.2 %) into consider-
ation. For F. verticillioides, the predictions were much
poorer with only 44 % correctly classified (54 % not clas-
sified pixels not included). More detailed prediction statis-
tics results are shown in Table 2.
Table 2 PLS-DA predictions
results for Mosaics 2, 3 and
4, showing qualitative
classification of Fusarium
spp. with NIR hyperspectral
imaging
RMSEP % Not
classified
% Correct predictions
of only classified pixels
% False
negatives
% Correct predictions
of total pixels
Mosaic 2
F. subglutinans 0.39 0.1 99.9 0 99.9
F. proliferatum 0.25 7.2 86.7 13.3 80.4
F. verticillioides 0.45 54.7 44 56 20
Mosaic 3
F. subglutinans 0.58 0.6 98.6 1.4 98.0
F. proliferatum 0.44 1.3 66.6 33.4 57.9
F. verticillioides 0.40 0.2 16.8 83.2 16.7
Mosaic 4
F. subglutinans 0.32 4.9 80.1 19.9 76.2
F. proliferatum 0.45 19.4 86.5 13.5 69.8
F. verticillioides 0.46 16.7 39.1 60.9 32.5
Fig. 5 PLS-DA training and test prediction images for Mosaic 2.
Classification based on the training data is in the upper row for F.
subglutinans, F. proliferatum and F. verticillioides (from left to right;
colonies incubated for 72 h), and the bottom row is the classification
for the test data (the same colonies incubated for 96 h)
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Mosaic 3
Images combined in Mosaic 3 comprised two sets of the
three Fusarium spp., acquired 18 months apart (Fig. 6a).
The images in the top row were used as the training set and
the images in the bottom row as the test set. This test set is
the same that has been used as the training set in Mosaic 2
(as shown in Fig. 5). This means that the model was tested
with an independent test set. The PLS-DA model was cal-
culated with four components on mean-centred data. For
this mosaic, the R2 of 0.66 was reasonable. Again, the
RMSEP was lowest for F. proliferatum. For the training
data (top row, Fig. 6a), F. subglutinans showed good pre-
dictions. Predictions for F. proliferatum were still reason-
able, while those for F. verticillioides were the worst,
although slightly better than the predictions shown in Fig. 5.
For the test set, F. subglutinans had a good classification;
F. proliferatum was slightly worse, but still good, while F.
verticillioides showed a large number of pixels classified as
F. subglutinans and only a smaller number of pixels as F.
verticillioides. From the Evince confusion matrix for the test
set, it was calculated that for F. subglutinans 98.6 % of the
pixels were correctly classified (Table 2). For F. prolifera-
tum, 66.6 % were correctly classified, not taking the 13 %
pixels not classified into consideration. The predictions for F.
verticillioides were much poorer (16.8 % correctly classified),
although only 0.2 % pixels were not classified. The poor
performance of F. verticillioideswas likely due to inconsistent
differences between older and newer growth (as seen in Figs. 1
and 2c). Because of the use of an independent test set, the
results were slightly worse than for Mosaic 2. Again, the F.
verticillioides result was the worst.
Mosaic 4
The training data in Mosaic 4 was the same as for Mosaic 3;
thus, the same four-component model was used to predict
class membership. This time the test set was an image of the
three Fusarium spp. (MRC 0115, MRC 2301 and MRC
0826) inoculated in a single Petri dish after incubation for
120 h (Fig. 6b). A large number of pixels were not classified
for F. verticillioides (16.7 %) and even more for F. prolifer-
atum (19.4 %). In the previous PLS-DA predictions, the
pixels in the F. subglutinans image were almost 100 %
correctly predicted, while in this mosaic, only 80.1 % of
the pixels were correctly predicted with 4.9 % pixels not
classified. For F. verticillioides and F. proliferatum, 39.1 and
86.5 % pixels were correctly predicted (from only classified
pixels). For F. verticillioides, there was a large number of
pixels predicted as false negatives (60.9 %). These pixels
were falsely predicted as F. proliferatum. A false negative is
when the outcome is incorrectly classified as a negative
when it is in fact positive. Thus, the majority of the pixels
in F. verticillioides were classified as not being part of the
class, when in fact they were. The PLS-DA prediction
results of Mosaics 2 to 4 are compared in Table 2.
Non-classified pixels are not desirable and especially F.
verticillioides had many of those in two of the mosaics,
while F. subglutinans rarely had any non-classified pixels.
A high proportion of non-classified pixels gives a false
impression of correct predictions when the percentage of
correct predictions is calculated based only on classified
pixels (column three in Table 2). This was clear when the
percentage of correct predictions was calculated from the
total number of pixels (column 5 in Table 2). The percentage
Fig. 6 a PLS-DA prediction images for Mosaic 3. The top row (row A)
shows images of colonies for F. subglutinans, F. proliferatum and F.
verticillioides (from left to right) used as training data, and the bottom
row (row B) was the test data. b PLS-DA prediction images for Mosaic
4. The test data show the image of the three Fusarium spp. inoculated
in a single Petri dish (1 F. subglutinans, 2 F. proliferatum, 3 F.
verticillioides)
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of correctly classified F. subglutinans always did best, due
to the low percentage of non-classified pixels.
The benefit of using PLS for dimension reduction and
discrimination is that it performs better than PCA when
within-class variation is higher than between-class variation
[58]. In this study the within class variation for F. verticil-
lioides seemed to be much higher than for the other species
as can be seen in the calibration and prediction images in
Figs. 5 and 6. The PLS-DA models, however, failed in
classifying F. verticillioides efficiently. It seemed that the
models could either not classify the pixels of the F. verti-
cillioides image as a known class or attempted to predict it
as belonging to the F. subglutinans or F. proliferatum class.
Conclusion
Using the NIR region, three Fusarium spp. could be dis-
criminated from each other with reasonable accuracy by
hyperspectral imaging and the use of test sets. Including a
number of different strains in the training set complicated
identification in PCA score images. This complication was
enhanced due to the presence of clear radial growth rings
with older growth in the middle and younger growth on the
edge of the mycelium colonies. Global diagnostics for the
PLS-DA models such as R2 and RMSEP serve as a guide of
modelling accuracy for images because of the large number
of pixels and should be used in conjunction with the pre-
diction image. Occasionally, a model has an unsatisfactory
RMSEP, but still shows acceptable prediction results in the
prediction image for a large number of pixels. The use of
NIR hyperspectral imaging allowed one to visualise radial
growth rings in the PCA score images. This would not have
been possible with bulk spectroscopy in the visible or NIR
regions. Because of this, imaging is far superior to integrat-
ing reflectance spectroscopy. An additional advantage of
multivariate image analysis is the possibility to interpret
PC loading line plots for a possible chemical or physical
explanation. Although removing irrelevant pixels from
hyperspectral images enhances the ability to detect chemical
variation by PCA, inherent physical differences cannot be
avoided. Thus, a sound knowledge of the sample(s) is es-
sential for adequate multivariate image analysis. Future
research should include experiments on different growth me-
dia incubated at variable temperatures and water activities.
Acknowledgments This work was supported financially by the Na-
tional Research Foundation (NRF; IFR2011032500120) as well as the
Maize Trust. Student grants (PJ Williams) were funded by the Maize
Trust and the NRF (SFH2008051900007). The authors thank Prof.
Alvaro Viljoen and Dr. Ilze Vermaak (Tshwane University of Technol-
ogy, Pretoria) for use of the SisuCHEMA instrument and Prof. Altus
Viljoen and Lindy Rose (Department of Plant Pathology, Stellenbosch
University) for supplying fungal cultures and assisting with spore
preparation. The South African-Swedish Research Partnership
Programme Bilateral Agreement, NRF, South Africa (UID 70863)
and the Swedish Research Council (VR sida 348-2009-6461) provided
funding for exchange of researchers.
Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
References
1. Nelson PE, Dignani MC, Anaissie EJ (1994) Taxonomy, biology,
and clinical aspects of Fusarium species. Clin Microbiol Rev 7
(4):479–504
2. Bacon CW, Glenn AE, Yates IE (2008) Fusarium verticillioides:
managing the endophytic association with maize for reduced
fumonisins accumulation. Toxin Rev 27(3–4):411–446
3. Gelderblom WCA, Jaskiewicz K, Marasas WFO, Thiel PG, Horak
RM, Vleggaar R, Kriek NPJ (1988) Fumonisins novel mycotoxins
with cancer-promoting activity produced by Fusarium monili-
forme. Appl Environ Microbiol 54:1806–1811
4. Marasas WFO (2001) Discovery and occurence of the fumonisins:
a historical perspective. Environ Health Perspect 109:239–243
5. Gelderblom WCA, Abel S, Smuts CM, Marnewick J, Marasas
WFO, Lemmer ER, Ramljak D (2001) Fumonisin induced hepa-
tocarcinogenesis: mechanisms related to cancer initiation and pro-
motion. Environ Health Perspect 109:291–300
6. Gelderblom WCA, Rheeder JP, Leggott N, Stockenstrom S,
Humphreys J, Shephard GS, Marasas WFO (2004) Fumonisin
contamination of a corn sample associated with the induction
of hepatocarcinogenesis in rats—role of dietary deficiencies. Food
Chem Toxicol 42(3):471–479
7. Gelderblom WCA, Seier JV, Snijman PW, Van Schalkwyk DJ,
Shephard GS, Marasas WFO (2001) Toxicity of culture material
of Fusarium verticillioides strain MRC 826 to nonhuman primates.
Environ Health Perspect 109:267–276
8. Summerell BA, Salleh B, Leslie JF (2003) A utilitarian approach
to Fusarium identification. Plant Dis 87(2):117–128
9. Snyder WC, Hansen HN (1940) The species concept in Fusarium.
Am J Bot 27(2):64–67
10. Hennequin C, Abachin E, Symoens F, Lavarde V, Reboux G,
Nolard N, Berche P (1999) Identification of Fusarium species
involved in human infections by 28S rRNA gene sequencing. J
Clin Microbiol 37(11):3586–3589
11. Möller EM, Chełkowski J, Geiger HH (1999) Species-specific
PCR assays for the fungal pathogens Fusarium moniliforme and
Fusarium subglutinans and their application to diagnose maize ear
rot disease. J Phytopathol 147(9):497–508
12. Mulè G, Susca A, Stea G, Moretti A (2004) A species-specific
PCR assay based on the calmodulin partial gene for identification
of Fusarium verticillioides, F. proliferatum and F. subglutinans.
Eur J Plant Pathol 110(5):495–502
13. de Oliveira RL, Reis GM, da Silva VN, Braghini R, Teixeira MMG,
Corrêa B (2011) Molecular characterization and fumonisin produc-
tion by Fusarium verticillioides isolated from corn grains of different
geographic origins in Brazil. Int J Food Microbiol 145(1):9–21
14. Marinach-Patrice C, Lethuillier A, Marly A, Brossas JY, Gené J,
Symoens F, Datry A, Guarro J, Mazier D, Hennequin C (2009) Use
of mass spectrometry to identify clinical Fusarium isolates. Clin
Microbiol Infect 15(7):634–642
15. Santos C, Paterson RRM, Venâncio A, Lima N (2010) Filamentous
fungal characterizations by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. J Appl Microbiol 108(2):375–385
NIR hyperspectral imaging and multivariate image analysis 1767
16. Geladi P, Burger J, Lestander T (2004) Hyperspectral imaging:
calibration problems and solutions. Chemometrics Intellig Lab
Syst 72(2):209–217
17. Geladi P, Grahn HF, Burger J (2007) Multivariate images, hyper-
spectral imaging: background and equipment. In: Grahn HF,
Geladi P (eds) Techniques and applications of hyperspectral image
analysis. Wiley, Chichester, pp 1–14
18. Gowen AA, O'Donnell CP, Cullen PJ, Downey G, Frias JM (2007)
Hyperspectral imaging: an emerging process analytical tool for
food quality and safety control. Trends Food Sci Technol 18
(12):590–598
19. Koehler FW, Lee E, Kidder LH, Lewis NE (2002) Near infrared
spectroscopy: the practical chemical imaging solution. Spectrosc
Eur 14(3):12–19
20. Cowe I, McNicol J (1985) The use of principal components in the
analysis of near-infrared spectra. Appl Spectrosc 39(2):257–266
21. Wold S, SjöströmM, Eriksson L (2001) PLS-regression: a basic tool
of chemometrics. Chemometrics Intellig Lab Syst 58(2):109–130
22. Liu Y, Rayens W (2007) PLS and dimension reduction for classi-
fication. Computation Stat 22(2):189–208
23. Martens H (2001) Reliable and relevant modelling of real world
data: a personal account of the development of PLS regression.
Chemometrics Intellig Lab Syst 58(2):85–95
24. Chevallier S, Bertrand D, Kohler A, Courcoux P (2006) Applica-
tion of PLS-DA in multivariate image analysis. J Chemometrics 20
(5):221–229
25. Williams P, Manley M, Fox G, Geladi P (2010) Indirect detection
of Fusarium verticillioides in maize (Zea mays L.) kernels by near
infrared hyperspectral imaging. J Near Infrared Spectrosc 18
(1):49–58
26. Bartnicki-Garcia S (1968) Cell wall chemistry, morphogenesis,
and taxonomy of fungi. Annu Rev Microbiol 22(1):87–108
27. Bauriegel E, Giebel A, Geyer M, Schmidt U, Herppich WB (2011)
Early detection of Fusarium infection in wheat using hyper-
spectral imaging. Comput Electron Agric 75(2):304–312
28. Chao K, Chen YR, Hruschka WR, Park B (2001) Chicken heart
disease characterization by multi-spectral imaging. Appl Eng
Agric 17:99–106
29. Park B, Kise M, Lawrence K, Windham W, Smith D, Thai C
(2007) Real-time multispectral imaging system for online poultry
fecal inspection using unified modeling language. Sens Instrum
Food Qual Saf 1(2):45–54
30. Park B, Lawrence KC, Windham WR, Buhr RJ (2002) Hyper-
spectral imaging for detecting fecal and ingesta contaminants on
poultry carcasses. Trans ASAE 45(6):2017–2026
31. Park B, Lawrence KC, Windham WR, Smith DP (2004) Multi-
spectral Imaging system for fecal and ingesta detection on poultry
carcasses. J Food Process Eng 27(5):311–327
32. Kim MS, Lefcourt AM, Chao K, Chen YR, Kim I, Chan DE
(2002) Multispectral detection of fecal contamination on apples
based on hyperspectral imagery. Part I. Application of visible and
near-infrared reflectance imaging. Trans ASAE 45(6):2027–2037
33. Kim MS, Lefcourt AM, Chen YR, Tao Y (2005) Automated
detection of fecal contamination of apples based on multispectral
fluorescence image fusion. J Food Eng 71(1):85–91
34. Liu Y, Chen YR, Kim MS, Chan DE, Lefcourt AM (2007) Devel-
opment of simple algorithms for the detection of fecal contami-
nants on apples from visible/near infrared hyperspectral reflectance
imaging. J Food Eng 81:412–418
35. Bhuvaneswari K, Fields PG, White NDG, Sarkar AK, Singh CB,
Jayas DS (2011) Image analysis for detecting insect fragments in
semolina. J Stored Prod Res 47(1):20–24
36. Yoon S, Lawrence K, Smith D, Park B, Windham W (2008)
Embedded bone fragment detection in chicken fillets using trans-
mittance image enhancement and hyperspectral reflectance imag-
ing. Sens Instrum Food Qual Saf 2(3):197–207
37. Dubois J, Neil Lewis E, Fry FS Jr, Calvey EM (2005) Bacterial
identification by near-infrared chemical imaging of food-specific
cards. Food Microbiol 22(6):577–583
38. Yoon S, Lawrence K, Line J, Siragusa G, Feldner P, Park B,
Windham W (2010) Detection of Campylobacter colonies using
hyperspectral imaging. Sens Instrum Food Qual Saf 4(1):35–49
39. Yao H, Hruska Z, Kincaid R, Brown R, Cleveland T (2008)
Differentiation of toxigenic fungi using hyperspectral imagery.
Sens Instrum Food Qual Saf 2(3):215–224
40. Fandohan P, Hell K, Marasas W, Wingfield M (2003) Infection of
maize by Fusarium species and contamination with fumonisin in
Africa. Afr J Biotechnol 2(12):570–579
41. Geladi P, Grahn HF (1996) Multivariate image analysis. Wiley,
Chichester
42. Esbensen KH, Lied TT (2007) Principles of multivariate image
analysis (MIA) in remote sensing, technology and industry. In:
Grahn HF, Geladi P (eds) Techniques and applications of hyper-
spectral image analysis. Wiley, Chichester, pp 17–41
43. Pirt SJ (1967) A kinetic study of the mode of growth of surface
colonies of bacteria and fungi. J Gen Microbiol 47(2):181–197
44. Alberts JF, GelderblomWC, Thiel PG, Marasas WF, Van Schalkwyk
DJ, Behrend Y (1990) Effects of temperature and incubation period
on production of fumonisin B1 by Fusarium moniliforme. Appl
Environ Microbiol 56(6):1729–1733
45. Kriek NPJ, Marasas WFO, Steyn PS, Van Rensburg SJ, Steyn M
(1977) Toxicity of a moniliformin-producing strain of Fusarium
moniliforme var. subglutinans isolated from maize. Food Cosmet
Toxicol 15(6):579–587
46. Viljoen A, Marasas WFO, Wingfield MJ, Viljoen CD (1997)
Characterization of Fusarium subglutinans f. sp. pini causing root
disease of Pinus patula seedlings in South Africa. Mycol Res 101
(4):437–445
47. Marín S, Homedes V, Sanchis V, Ramos A, Magan N (1999)
Impact of Fusarium moniliforme and F. proliferatum colonisation
of maize on calorific losses and fumonisin production under dif-
ferent environmental conditions. J Stored Prod Res 35(1):15–26
48. Marín S, Magan N, Bellí N, Ramos AJ, Canela R, Sanchis V
(1999) Two-dimensional profiles of fumonisin B1 production by
Fusarium moniliforme and Fusarium proliferatum in relation to
environmental factors and potential for modelling toxin formation
in maize grain. Int J Food Microbiol 51(2–3):159–167
49. Marin S, Magan N, Serra J, Ramos A, Canela R, Sanchis V (1999)
Fumonisin B1 production and growth of Fusarium moniliforme
and Fusarium proliferatum on maize, wheat, and barley grain. J
Food Sci 64(5):921–924
50. Manley M, du Toit G, Geladi P (2011) Tracking diffusion of
conditioning water in single wheat kernels of different hard-
nesses by near infrared hyperspectral imaging. Anal Chim Acta
686(1–2):64–75
51. Manley M, McGoverin CM, Engelbrecht P, Geladi P (2012) Influ-
ence of grain topography on near infrared hyperspectral images.
Talanta 89:223–230
52. Osborne BG, Fearn T, Hindle PH (1993) Practical NIR spectros-
copy with applications in food and beverage analysis, 2nd edn.
Longman Scientific & Technical, Essex
53. McGoverin C, Engelbrecht P, Geladi P, Manley M (2011) Charac-
terisation of non-viable whole barley, wheat and sorghum grains
using near-infrared hyperspectral data and chemometrics. Anal
Bioanal Chem 401(7):2283–2289
54. Baranowski P, Mazurek W, Wozniak J, Majewska U (2012) De-
tection of early bruises in apples using hyperspectral data and
thermal imaging. J Food Eng 110(3):345–355
55. Gowen AA, O'Donnell CP, Taghizadeh M, Cullen PJ, Frias JM,
Downey G (2008) Hyperspectral imaging combined with principal
component analysis for bruise damage detection on white mush-
rooms (Agaricus bisporus). J Chemometrics 22(3–4):259–267
1768 P.J. Williams et al.
56. Manley M, Williams P, Nilsson D, Geladi P (2009) Near infrared
hyperspectral imaging for the evaluation of endosperm texture in
whole yellow maize (Zea maize L.) kernels. J Agric Food Chem 57
(19):8761–8769
57. Williams P, Geladi P, Fox G, Manley M (2009) Maize kernel
hardness classification by near infrared (NIR) hyperspectral imag-
ing and multivariate data analysis. Anal Chim Acta 653(2):121–
130
58. Barker M, Rayens W (2003) Partial least squares for discrimina-
tion. J Chemometrics 17(3):166–173
59. Marasas WFO, Thiel PG, Rabie CJ, Nelson PE, Toussoun TA
(1986) Moniliformin production in Fusarium section Liseola.
Mycologia 78(2):242–247
60. Nirenberg HI, O'Donnell K (1998) New Fusarium species and
combinations within the Gibberella fujikuroi species complex.
Mycologia 90(3):434–458
NIR hyperspectral imaging and multivariate image analysis 1769
